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Chloroplasts are critical, multifunctional organelles found in green plants that originated through 
the uptake of cyanobacteria by a eukaryotic host cell and evolved mechanisms for integrating 
into the host cell’s metabolic and protein networks.  Similar mechanisms are involved in the 
coordination of chloroplast function with other cellular processes, and in response to 
environmental stimuli.  Protein-protein interactions between the outer envelope membrane 
(OEM) proteome and proteins throughout the cell form the basis for a communication network 
between chloroplasts and the rest of the cell.  A literature-curated OEM proteome consisting of 
45 proteins was used as the basis for generating an in silico chloroplast OEM interactome.  
Interaction data was compiled through text-mining, web-based protein-protein interaction 
databases, and predictive interolog mapping.  The resultant virtual interactome comprised 1,121 
nodes and 17,633 edges and was a quasi scale free network.  Experimental techniques validated 
these virtual interactions.  A membrane impermeant biotinylation reagent was used to label 
chloroplast-associated proteins in samples of intact chloroplasts, and the proteins were affinity 
purified and identified by tandem mass spectrometry.  The presence of these proteins suggests 
that a complex mixture of cellular proteins associates specifically with the chloroplast.  A protein 
microarray screening technique using intact isolated chloroplasts as probes was developed and 
used to validate the in silico interactome.  The experimental interactome contained 462 
interactions, and 13 virtual interactions were experimentally validated.  A comparison of gene 
ontology annotations for the two networks suggested that the smaller experimental network 






























Chloroplast structure and function  
 
 Chloroplasts are organelles that convert light energy to chemical energy by the process of 
photosynthesis, and virtually all life on Earth is dependent on this oxygen-producing activity.  In 
green plants, chloroplasts are most abundant in the spongy mesophyll cells of the leaves, which 
is where the majority of terrestrial photosynthesis on Earth occurs.  In aquatic ecosystems, the 
chloroplasts present in algae and diatoms also contribute significantly to photosynthesis on Earth 
(Sand-Jensen, 1997).   As shown in Figure 1, two lipid bilayer membranes, called the outer and 
inner envelope, surround the chloroplast, with an intermembrane space between them.  These 
non-chlorophyll-containing membranes are selectively permeable and rely on membrane-
anchored solute channels and protein transport complexes for the exchange of materials.  The 
stroma is a hydrophilic semi-fluid material rich in soluble enzymes that holds the chloroplast’s 
DNA, ribosomes, and RNA.  Thylakoids are disks of membrane embedded in the stroma and are 
often organized into stacks called grana.  Here, the light-dependent reactions of photosynthesis 
occur: photons of light are absorbed by chlorophyll pigments in the thylakoid membranes, 
resulting in the flow of electrons and initiating the flow of hydrogen ions across the thylakoid 
membrane.  This forms the electrochemical gradient that drives the production of adenosine 
triphosphate (ATP) to power photosynthesis and other metabolic processes in the cell (Davidson, 
2004).     
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Figure 1.  Diagram of a chloroplast (Davidson, 2004).  Note that the outer envelope membrane 
(OEM) and inner envelope membrane (IEM) lack chlorophyll, though they are represented here 
in green.   
 
 The chloroplast envelope membranes are at the interface between the stroma and cytosol 
and play an important role in the functioning of the chloroplast within the context of the plant 
cell.  Chloroplast metabolism is integrated into the cell’s metabolism by the exchange of many 
ions and metabolites across the chloroplast envelopes by specific transporter proteins.  Among 
theses exchanged solutes are ADP/ATP, inorganic cations (K+, Na+, Mg2+), and anions (NO22-, 
SO22-, PO42-).  The chloroplast membranes are also the location of a variety of unique 
biosynthetic functions, including synthesis of membrane components (glycerolipids, pigments, 
and prenylquinones) and fatty acids, breakdown of chlorophyll, and nitrogen and sulfur 
metabolism, making it a hub of biochemical activity (Reviewed in (Ferro et al., 2003).  Table 1 
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contains an updated list of 45 proteins localized to the outer envelope membrane (OEM) of the 
chloroplast, which mediate the chloroplast’s connections with the plant cell.   
Table 1.  Literature curated chloroplast OEM proteome.  Proteins compiled from a variety of 
literature sources are presented based on functional categorization (Heins et al., 1998; Ferro et 
al., 2003; Qbadou et al., 2003; Inoue, 2007; Oikawa et al., 2008; Kessler and Schnell, 2009; 






















































 Exploring the functions of some of the proteins presented in Table 1 allows for a greater 
understanding of the way that these membrane proteins mediate chloroplast activity.  Protein 
transport is a major function at the chloroplast membrane and includes the import of a large 
number of nuclear encoded chloroplast proteins into the stroma, thylakoid compartments, or 
inner envelope. The process of protein translocation from the cytosol into the stroma by way of 
the outer and inner membranes is relatively well understood, and it occurs with the help of a 
specific set of protein import machinery called the translocon at the outer envelope of 
chloroplasts (TOC) and translocon at the inner envelope of chloroplasts (TIC) complexes (Heins 
et al., 1998).  
 
Chloroplast communication 
 As a hub of biochemical activity, the chloroplast must interact with the cellular and 
greater plant environment in order for the cell to operate efficiently.  This includes protein 
import, interactions with other organelles, and the integration of environmental stimuli.  Physical 
attributes of the chloroplast play a role in the types of interactions it engages in.   
 The chloroplast is a negatively charged entity, and this physical trait may play a role in 
the targeting of proteins to it.  Its negative charge is due in large part to a unique lipid 
composition (Benning, 2010).  Specifically, the inner envelope is 55-57% 
monogalactosyldiacylglycerol (MGDG), 27-30% digalactosyldiacylglycerol (DGDG), and 7-9% 
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phosphatidylglycerol (PG), and the outer envelope is 32% phosphatidylcholine (PC), 29% 
DGDG, 17% MGDG, and 10% PG (Douce and Joyard, 1981; Heber and Heldt, 1981).  While 
the majority of the lipids that comprise the envelope membranes have a neutral net charge, PG is 
anionic at physiological pH.  In addition to lipid components, proteins within the chloroplast 
membrane also contribute to its net negative charge.  When assessed by blue native PAGE, 
several chloroplast protein complexes had native isolelectric points (npI) between 3.5 and 5.5 
(Behrens et al., 2013).  In electrophoretic mobility studies, high electrophoretic mobility and 
isoelectric points of 4.3 to 4.5 were attributed to a net negative surface charge on the chloroplast 
membrane conferred by carboxyl groups of exposed aspartate and glutamate residues of 
membrane proteins (Nakatani et al., 1978; Stocking and Franceschi, 1982).  There is evidence of 
membrane charge as an aspect of protein targeting to bacterial cytoplasmic membranes, such that 
positively charged signal peptides associate with the negatively charged cytoplasmic membrane 
(Vrije et al., 1990; Fekkes and Driessen, 1999).  One study of the inner leaflet of the plasma 
membrane found that cationic proteins accumulated at negative membrane regions while 
membrane regions with a more neutral charge attracted less positively-charged proteins (Yeung 
et al., 2008).  Taken together with the net negative charge of the chloroplast membrane, this may 
suggest that electrostatic interactions between a given protein and membrane result in cationic 
pre-proteins being preferentially targeted to the chloroplast membrane for import, and that these 
protein-lipid interactions represent a mechanism for communication between the chloroplast and 
the rest of the cell.  It has also been observed that the transit sequence of proteins targeted to the 
stroma interacts specifically with the lipids that make up the chloroplast membrane: the N-
terminus interacts with MGDG, and the C-terminus with PG to produce secondary structure of 
the transit peptide and a specific topology of the peptide in association with membrane lipids 
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(Van't Hof et al., 1993; Pinnaduwage and Bruce, 1996).  This suggests that specific interactions 
between the transit peptide and lipids in the OEM may affect pre-protein targeting and 
translocation (Heins et al., 1998).  
 Another important facet of the chloroplast’s interactions within the cell is its physical 
interactions with other organelles.  There is strong evidence for physical interactions between 
chloroplasts and the endoplasmic reticulum (ER).  Techniques such as freeze-fracturing 
(Whatley et al., 1991) and the use of optical tweezers (Andersson et al., 2007) have shown that 
the chloroplast and ER have membrane contact sites (MCSs) with strong attractive forces 
between them.  Since the chloroplast synthesizes the fatty acids needed for lipid synthesis, which 
occurs in the ER, and takes in lipid precursors from the ER, it has been suggested that these 
MCSs provide the site for lipid transport between the two organelles (Whatley et al., 1991; 
Andersson et al., 2007; Sandelius et al., 2007).  The strength of the attraction between the 
membranes as identified by optical manipulation (400 picoNewton) was similar to the strength of 
specific protein-protein interactions, and these attractions were only broken after treatment with 
a protease.  This may suggest that strong protein-protein interactions, as well as lipid-lipid 
interactions at physical MCSs, are involved in the process of lipid trafficking between the 
chloroplast and ER for efficient lipid metabolism (Andersson et al., 2007).  There is also some 
evidence of chloroplast-targeting of ER-originated vesicles via the actomyosin motility system, 
specifically for replication of certain potyviruses (Wei et al., 2010).  
In addition to interacting with the ER, chloroplasts may interact with mitochondria. As 
with interactions between the chloroplast and ER, chloroplast-mitochondria interactions likely 
occur for reasons of metabolic coordination or regulation.  Mitochondria are involved in 
photorespiration and some nitrogen metabolism, as well as many other metabolic processes; this 
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variety of roles necessitates coordination with the other main metabolic organelle, the chloroplast 
(Takagi et al., 2011).  However, there is little evidence in the literature that suggests chloroplast-
mitochondria interactions are of a physical nature, and no specific proteins have been implicated 
in such interactions.   
 Chloroplasts and mitochondria also participate in a plant’s response to environmental 
stimuli.  As stationary organisms, plants have evolved a number of stress-tolerance mechanisms 
including those against bright light, high temperature, low moisture, and attack by pathogens.  
Organelle positioning, specifically chloroplast positioning, is one such adaptive response.  
Chloroplasts redistribute in response to light conditions in order to optimize light absorption.  
They move to face the light and maximize light exposure under dim conditions, and they move 
to the sides of cells under strong light, minimizing light exposure by presenting only their 
profiles to the light source (Figure 2A) (Eckardt, 2003; Takagi, 2003).  Interestingly, 
mitochondria reposition in the same light-dependent manner, and they have been described to 
reversibly co-localize with chloroplasts in response to changing light conditions (Islam et al., 
2009; Islam and Takagi, 2010) (Figure 2B).  Organelle repositioning is the manifestation of 
translating an environmental cue, light intensity, into motion.  While the exact mechanism of 
chloroplast movement is not understood, it is known that this function utilizes the cytoskeleton 
of the plant cell to traffic chloroplasts; specifically, the movements are actin-mediated (Figure  
2A) (Kadota et al., 2009).  Actin-mediated chloroplast movement in response to light is thought 
to use protein components that associate with the chloroplast outer envelope and a protein anchor 
localized to the plasma membrane (Oikawa et al., 2008), highlighting the importance of protein-
protein interactions in communication activities within plant cells. 
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Figure 2.  Chloroplast positioning.  A. Chloroplast avoidance response from high intensity light.  
Arrowheads represent actin filaments.  Green: actin; red: chlorophyll autofluorescence. Scale bar 
is 10µm (Adapted from (Kadota et al., 2009).  B. Transverse section of A. thaliana palisade cells 
showing redistribution of mitochondria after dark treatment (top), weak (middle) and strong 
(bottom) blue light exposure.  Green: GFP signals; red: chlorophyll autofluorescence. Scale bar 
is 50µm (Islam et al., 2009).   
 
Evolutionary history 
 At a time point 1-2 billion years ago (Theissen et al., 2003) a prokaryotic cyanobacterium 
was taken up by a eukaryotic or proto-eukaryotic host cell, likely by phagocytosis.  During this 
process, called symbiogenesis, the phagocytosed photosynthetic endosymbiont was probably 
encapsulated in a vacuole until it escaped to reproduce throughout the cell, yielding the modern 
day organelle, the chloroplast (Cavalier-Smith, 1982).  The idea of chloroplasts having their 
foundations as endosymbiotic cyanobacteria was first proposed by Russian botanist Konstantin 
Mereschkowsky (Mereschkowsky, 1910), but it was championed in 1970 by Margulis, upon her 
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observation that the chloroplasts of plant cells bore striking resemblance to cyanobacteria.  She 
was the first scientist to supply microbiological observations in support of this idea, including the 
presence of genetic material within chloroplasts in the form of a circular DNA plasmid and that 
chloroplasts reproduce independently of the cell they inhabit by binary fission, two 
characteristics of bacteria (Margulis, 1970).  A variety of data since then also supports 
endosymbiosis as the pathway from ancient cyanobacteria to modern chloroplasts. 
  Chloroplasts and cyanobacteria have considerable structural similarity.  As shown in 
Figure 3, the complex multi-membrane systems, including photosynthetic thylakoid membranes, 
are organized in the same way in both structures (Heins et al., 1998).  The chloroplast and 
cyanobacterial thylakoid membrane lipids are unique in that they consist predominantly of 
glycolipids and sulfolipids.  Since membranes cannot be synthesized de novo and are known to 
match the chemical makeup, polarity, and topology of the membrane from which they are 
derived, the similarity of chloroplast and cyanobacterial thylakoid membranes suggests an 
evolutionary connection between them (Cavalier-Smith, 2000). 
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Figure 3.  Cyanobacterial and chloroplast structure. Thin sections of (A) the cyanobacterium 
Synechocystis PCC6714 and (B) a pea chloroplast.  Abbreviations: om, outer membrane; cm, 
cytoplasmatic membrane; t, thylakoid membranes; ie, inner envelope membrane; oe, outer 
envelope membrane.  Scale bars are 200 nm (Heins et al., 1998).  
  
 The double membrane surrounding chloroplasts also supports its status as an 
endosymbiont.  There are two proposed models for the presence of the outer and inner 
chloroplast envelopes.  One holds that the chloroplast IEM comes from the phagocytotic vacuole 
of the eukaryotic host as a result of invagination of the eukaryotic plasma membrane around the 
cyanobacterium, and that the OEM is a remnant of the host’s plasma membrane (Whatley, 1981; 
Inoue, 2011). This model has been largely discounted due to the discovery that ancestral 
cyanobacteria were gram-negative and surrounded by two membranes (Inoue, 2011).  The better-
supported model is that the OEM is a remnant of the ancestral cyanobacterial plasma membrane, 
rather than the eukaryotic host’s plasma membrane (Cavalier-Smith, 1987).  This model is 
supported by the presence of beta barrel integral membrane proteins in the chloroplast OEM and 
gram-negative (cyanobacterial) outer membrane, but not in eukaryotic membranes, and by the 
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presence of galactoglycerolipids in the chloroplast OEM and cyanobacterial membrane, for the 
reasons of membrane heredity discussed previously (Inoue, 2011). 
 Along with structural and membrane-related information, green plant genomes, including 
that of the model plant Arabidopsis thaliana, contain information about the ancestry of green 
plants (Stiller, 2007): at least 18% of the A. thaliana nuclear genome has an origin in 
cyanobacteria (Martin et al., 2002).  Chloroplast proteins also support this endosymbiotic origin, 
with components of the protein import machinery being described as chimeric (Cavalier-Smith, 
2000).  Studies have also shown sequence homology and predicted structure and function 
similarities between protein import components of cyanobacteria and chloroplasts (Heins et al., 
1998).  Taken together, these observations about the protein import machinery of chloroplasts 
support endosymbiotic origins of these organelles.   
 It is possible to frame cyanobacteria as invaders of eukaryotic hosts and to view 
chloroplasts as a product of such an invasion (Harris, 2013).  A number of studies as well as 
natural phenomena support the cyanobacterial capability to “colonize” eukaryotic cells.  In a 
synthetic biology study, cyanobacteria were injected into zebrafish embryos, and it was found 
that the embryos developed normally, with no identifiable morphological defects (Figure 4A, 
4B) (Agapakis et al., 2011).  So called “solar powered sea slugs” exemplify photosynthetic 
symbiosis.  The slug digests algae and breaks down its cellular components, retaining only the 
chloroplasts intact; then the algal chloroplasts line the cells of the digestive diverticula, giving 
them an overall green camouflage (Figure 4C).  In some cases, the chloroplasts are capable of 
photosynthesizing while within the slug cells (Rumpho et al., 2000).  These examples of 
cyanobacteria and chloroplasts surviving and functioning within eukaryotic cells suggest that the 
endosymbiotic cyanobacterial ancestor must have evolved ways to communicate with the host 
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cell.  This probably included interactions with the metabolic and protein networks of the host, 
and the protein population of the chloroplast likely reflects evolution to maximize 
communication with the host. 
  
 
Figure 4.  Examples of chloroplasts or cyanobacteria within eukaryotic cells. A and B. Single 
optical slice confocal microscopy images of the anterior of the zebrafish embryo at one (A) and 
two (B) days post injection with cyanobacteria.  Red: autofluorescent S. elongatus bacteria; 
green: zebrafish cell membrane (Agapakis et al., 2011).  C. Dorsal view of E. chlorotica 
illustrating the distribution of chloroplasts within the cells lining the digestive diverticula 
(Rumpho et al., 2000).  
 
 The question then arises regarding how cyanobacteria were able to integrate so fully into 
the host cell and become organelles.  The previously mentioned large-scale transfer of genomic 
content to the host nuclear genome is one likely mechanism.  Interestingly, while many 
chloroplast proteins are encoded in the nuclear genome, many of the proteins encoded by genes 
transferred from the endosymbiont to the host nucleus are targeted to locations other than the 
chloroplast and perform functions not typically associated with cyanobacteria (Martin et al., 
2002).  In addition, we suggest that cyanobacterial invaders initiated networks of protein-protein 
interactions between themselves and host proteins.  Furthermore, we suggest that this networking 
infrastructure has been conserved in green plant cells, allowing chloroplasts to integrate with the 
rest of the cell, and that protein-protein interactions are an important way that this networking is 
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carried out.  Recent work in a variety of model organisms, including Drosophila and 
Saccharomyces has demonstrated that protein-protein interactions form the core of most 
intracellular communication systems (Uetz et al., 2000; Giot et al., 2003), supporting our 
assertion that protein-protein interactions are also at the core of chloroplast interactions with the 
rest of the green plant cell.   
 
Systems biology and networks 
 
 Reductionism refers to a way of studying biology that focuses on understanding and 
assigning functions to individual biological components.  As the dominant practice in traditional 
molecular and cellular biology, biochemistry, and genetics, reductionism has been extremely 
successful in increasing our knowledge of the world around us.  However, it has become 
increasingly clear that attributing responsibility for biological characteristics to an individual 
molecule is rarely possible and yields an incomplete picture of the system.  Instead, biological 
functions tend to result from interplay between proteins, DNA, RNA, and small molecules within 
the cell in the form of functional modules (Hartwell et al., 1999; Barabasi and Oltvai, 2004) that 
extend to form complex networks.  Systems biology seeks to address questions in the context of 
the whole system, rather than in isolation from the system, by identifying all molecules in the 
cell and their physical interactions with one another, as well as through computational modeling 
of interactions and integration of heterogeneous data (Sauer et al., 2007).  With advances in 
genomic technology, it has become apparent that genes and their protein products interact with 
one another in complex ways, and that it is not possible to infer a protein’s function based only 
on genome data (Vidal et al., 2011).  In the post-genomic era, much of the work of systems 
biology takes the form of “-omics.”  Proteomics, specifically, refers to the study of the totality of 
proteins in a given larger system, and it focuses on elucidating the identity and function of all the 
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proteins in a set, sometimes including how they interact with one another.  Proteins have 
traditionally been characterized through biochemical assays, chromatography techniques, and 
mass spectrometry, as well as through generating knock-out or knock-down organisms or cell 
lines.  Genomics, transcriptomics, and proteomics provide researchers with information 
analogous to a parts list for a system of interest.  Recently, there has been increasing interest in 
understanding how these parts lists come together to form networks of macromolecules termed 
interactome networks (Vidal et al., 2011).  Taking an interactomics approach entails determining 
the complete set of protein-protein interactions in the system of interest (De Las Rivas and 
Fontanillo, 2010).  Such work has typically been approached in two ways, termed the binary 
approach and the co-complex approach.  Binary approaches measure direct physical interactions 
between pairs of proteins and usually take the form of yeast two-hybrid (Y2H) screens (Bonetta, 
2010).  Recently, protein microarray technology has also been employed as a binary approach 
with higher throughput (Hall et al., 2007).  Co-complex approaches look for interactions that 
may not be as direct or one-to-one.  The typical co-complex approach is to couple co-
immunoprecipitation (co-IP) “pull down” assays with mass spectrometry.   Briefly, a specific 
bait protein is tagged in such a way that it can be extracted from a cell lysate and will bring any 
interacting proteins out with it, and then the proteins are separated and identified by mass 
spectrometry.  Knowledge of protein-protein interactions is also useful for characterizing a given 
protein based on the functions of the proteins it interacts with, in what is called a “guilt by 
association” framework (Bonetta, 2010).  It is important to note, though, that protein-protein 
interaction data alone does not yield comprehensive networks.  Disparate methods of data 
collection tend to capture non-overlapping data sets, and techniques other than direct measures of 
protein-protein interactions (such as co-localization studies by microscopy and co-expression) 
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provide useful insights into how networks are constructed.  Consequently, it becomes necessary 
to integrate heterogeneous data from a variety of sources (Bonetta, 2010).  There are three main 
approaches for completing this task.  Compilation or literature curation is used to integrate 
existing data sets, protein-protein interactions can be predicted on the basis of sequence 
similarity, co-expression, and protein structural similarities from other organisms, and certain 
research groups are now working to devise high throughput mapping techniques for systematic 
detection of protein-protein interactions (Vidal et al., 2011). 
 Increasing interest in protein-protein interactions and interactomics has drawn the 
attention of mathematicians and computer scientists, and subsequent analysis of interactome 
networks has revealed certain interesting features of biological networks and ways to 
conceptualize how they are organized.  The key principle, that biological function is an attribute 
that comes about in the context of strict and quantifiable interaction patterns between cellular 
components, came about with the realization that complex systems, including biological systems, 
the Internet, computer chips and even social networks, have the same general characteristics of 
connectivity.  This realization allows for knowledge from well-analyzed non-biological systems 
to be applied to biology and for the quantifiable tools of network analysis (Barabasi and Oltvai, 
2004). 
 Network biology also provides a vocabulary for describing the connectivity and 
architectural features of a system.  In an interaction map or network, nodes represent individual 
biological components (often proteins) and are connected by edges (often physical interactions).  
Connectivity is expressed by the term degree, k, which is the number of links a node has to other 
nodes; path length, l, is the measure of how many edges are between two nodes, and shortest 
path length represents the path with the fewest edges when there are alternate paths between two 
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nodes.  The clustering coefficient is given by CI=2nI/k(k-1), where nI is the number of edges 
connecting k neighbors of a given node I to one another (Barabasi and Oltvai, 2004).  The 
clustering coefficient is a density measure that gives information about local connectivity or 
“cliquishness” of the network; it can be used to identify modules or clusters within the network, 
which are highly connected regions often thought to perform a common functional goal.  Such 
modules or clusters can be used to predict the function of unknown nodes within the cluster 
(Bader and Hogue, 2003; Barabasi and Oltvai, 2004).   
 When analyzing networks, an important distinction is whether a given network is 
random, scale free, or hierarchical.  In a random network, N nodes are connected to each other 
with probability p; in this model, the node degrees follow a normal distribution (Figure 5A).  In a 
scale-free network, the degree distribution follows a power law such the probability that a node 
has k links is given by P(k) ~ k-ɣ where ɣ is the degree exponent (Figure 5B).  It is much more 
probable for a node to be highly connected in a scale free network than a random network 
because a scale free network’s properties are dominated by relatively few highly connected 
nodes called hubs.  In hierarchical networks, modules form local clusters that combine in an 
iterative fashion.  Scale-free networks are the best models for most real-world networks, 




Figure 5. Random (A) and scale free (B) networks.  Circles are nodes, and lines are edges 
(Adapted from (Barabasi and Oltvai, 2004).   
  
Chloroplasts and networks 
 Based on chloroplast structure, function, and evolutionary history, we hypothesized that 
chloroplast-centric protein-protein interaction networks exist in plant cells, and that these 
networks allow the cells to integrate the many functions of the chloroplast with processes in the 
greater cell environment.   
 We have sought to characterize these networks using many of the techniques described in 
previous sections, with specific focus on the chloroplast OEM.  A literature search revealed that 
many of the traditional techniques for identifying OEM proteins fail to detect certain proteins 
known to be localized to the OEM, and that contamination from IEM-and thylakoid-localized 
proteins is also a problem.  The results of this literature search are presented in Table 1.  To 
determine a more complete OEM proteome, we applied a technique to affinity purify OEM 
proteins from isolated intact chloroplasts and identify them by mass spectrometry.   
A B 
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 We also sought to determine comprehensive information about protein-protein 
interactions of the chloroplast OEM.  The literature-curated proteome (Table 1) was used as the 
basis for an in silico chloroplast OEM interactome.  We compiled protein-protein interactions by 
textmining and mining web-based protein-protein interaction databases and predicted protein-
protein interactions on the basis of interologs, or interacting orthologs (Walhout et al., 2000; 
Geisler-Lee et al., 2007).  A preliminary in silico chloroplast OEM interactome was presented at 
the American Society for Cell Biology annual meeting (Shortt, 2012).   
 To experimentally validate the virtual chloroplast OEM interactome, we developed a 
screening technique using isolated intact chloroplasts as a probe for Arabidopsis protein 
microarrays (Popescu et al., 2007; Lamesch et al., 2012).  Protein-protein interactions were 
visualized as networks using Cytoscape software (Smoot et al., 2011) and topologically analyzed 
























MATERIALS AND METHODS 
 
 
Isolation of chloroplasts from spinach 
 
Chloroplasts were isolated from fresh organic spinach (Natick Community Organic Farm, Natick 
MA), with all procedures carried out at 4˚C.  Stems and midribs were removed from 15-20 
leaves, and leaves were ground with a porcelain mortar through a mesh strainer into 90mL of 
grinding and resuspension media (GRM) (330mM Sorbitol, 50mM HEPES, 2mM EDTA, 1mM 
MgCl2, 1mM MnCl2, 2mM Ascorbate; pH 7.5).  The homogenate was filtered through eight 
layers of cheesecloth and one layer of Miracloth and centrifuged (Eppendorf E5804R) in a 
swinging bucket rotor for 5 min at 1,000 x g and 4˚C, with maximum breaking and acceleration.  
The pellet was gently resuspended using a paintbrush in 1mL of GRM and placed on top of a 
percoll step gradient created by layering 3mL of 80% PF-Percoll (80% v/v Percoll, 0.8% w/v 
Ficoll 400, 2.4% w/v PEG 4000, 330mM Sorbitol, 50mM HEPES, 2mM EDTA, 1mM MgCl2, 
1mM MnCl2, 2mM Ascorbate) beneath 5mL of 40% PF-Percoll (40% v/v Percoll, 0.4% w/v 
Ficoll 400, 1.2% w/v PEG 4000, 330mM Sorbitol, 50mM HEPES, 2mM EDTA, 1mM MgCl2, 
1mM MnCl2, 2mM Ascorbate), and centrifuged for 10 min at 4,500 x g, with minimum breaking 
and acceleration.  Broken chloroplasts and debris and 40% PF-Percoll were aspirated off with a 
Pasteur pipette, and intact chloroplasts were collected from the gradient interface, diluted with 
five volumes GRM and centrifuged 5 min at 1,000 x g with maximum breaking and acceleration 
in order to elute them from the PF-Percoll. The pellet was gently resuspended in 1mL GRM and 
kept on ice.   
 
Determination of chlorophyll concentration 
 
After isolation, 50µL of chloroplasts were diluted 100-fold in 80% (v/v) acetone, and the mixture 
was vortexed to extract the chlorophyll.  The mixture was centrifuged for 2 min at top speed in a 
benchtop microcentrifuge and the absorbance of the supernatant was measured at 645nm and 
663nm on a UV-visible spectrophotometer (Agilent Technologies 8453).  The chlorophyll 
concentration was calculated according to A645(20.2) + A663(8.02), averaged across five 
samples, and multiplied by the dilution factor to give the concentration of the isolated chloroplast 
extract (Arnon, 1949).   
 
Assessment of chloroplast intactness 
 
Isolated chloroplasts were viewed under phase contrast microscopy and 100X magnification on a 
Nikon Eclipse 80i fluorescence microscope.  Chloroplasts were considered intact when they 
exhibited a bright halo under phase contrast (Walker et al., 1987).  Isolated chloroplasts that had 
been incubated with a final concentration of 0.0025% (w/v) carboxyfluorescein diacetate 
(CFDA) (Molecular Probes) were also viewed under 100X magnification and a cyan fluorescent 
protein filter (Nikon 96361) and were considered intact when they exhibited a bright 







Quality control staining: 
Arrays (Arabidopsis Biological Resource Center, Columbus OH; (Popescu et al., 2007; Lamesch 
et al., 2012), which were stored at -70 C, were brought to room temperature, washed in nanopure 
water, then incubated with 2mL SYPRO Ruby protein blot stain (Molecular Probes #S-11791) in 
a slide chamber and incubated in the dark for 15 min.  Arrays were submerged in three changes 
of nanopure water for 5 min, and scanned/imaged using a GenePix 4000B laser scanner 
(Molecular Devices) with excitation at 532nm.  Arrays were destained by submerging in two 
changes of nanopure water for 15 min.  
 
Blocking: 
Blocking agent intrinsic fluorescence was measured.  SuperBlock commercial protein block 
(ThermoScientific #37545) was prepared to 1X strength in nanopure water, and solutions of 5% 
(w/v) lowfat milk, gelatin, or BSA with 0.1%  (v/v) Tween-20, 5mM Tris HCl were prepared.  
5µL of each solution was spotted onto the array surface and allowed to dry before imaging in a 
GenePix 4000B.   
 
Before probing, arrays were brought to room temperature and submerged in either BSA or 
Superblock blocking buffer (5mM Tris HCl, 0.1% (v/v) Tween-20, 5% (w/v) BSA or 1X 
Superblock Protein (ThermoScientific #37545), pH 8) for 1 hour at room temperature.  Arrays 
were then dipped into GRM, and the corner was blotted on a Kimwipe before being placed 
placed in a falcon tube with a Kimwipe in the bottom and spun dry for 3 min at 100 x g.  
 
Probing: 
Intact chloroplasts were diluted to 100ug/mL in BSA- or Superblock-containing probing buffer 
(330mM Sorbitol, 50mM HEPES, 2mM EDTA, 1mM MgCl2, 1mM MnCl2, 2mM Ascorbate, 1% 
(w/v) BSA or ½X Superblock Protein; pH 7.5).  Arrays were incubated with 2mL chloroplasts in 
buffer in a humid slide chamber covered with a Lifter Slip (ThermoScientific) for 1 hour at room 
temperature.  The arrays were dipped into washing buffer (330mM Sorbitol, 50mM HEPES, 
2mM EDTA, 1mM MgCl2, 1mM MnCl2, 2mM Ascorbate, 1% (v/v) glycerol, 0.1% (v/v) Tween-
20; pH 7.5), then spun dry for 3 min at 100 x g.  
 
Imaging and data analysis: 
Arrays were imaged using a GenePix 4000B laser scanner (Molecular Devices) with excitation at 
635nm and 532nm and emission measured at 670nm and 570nm, respectively, intensity at 
635nm was taken as chlorophyll fluorescence.  Results were analyzed using a Perl script that 
returned binding partners as significant if Mean F635 – Mean B635 ≥ 2* SD B635, and a 
subsequent script which returned binding partners as significant if they appeared in duplicate 
(Adapted from(Popescu et al., 2007) 
 
Stripping: 
Proved and imaged arrays were submerged in 0.5% SDS for 15 min with gentle agitation and 
then in two changes of nanopure water for 15 min with gentle agitation. Arrays were spun dry for 
3min at 100 x g and stored at -80˚C.  
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Isolation of OEM by biotinylation 
 
Chloroplasts were incubated on ice for 2 hr with 1µg EZ-Link Sulfo-NHS-SS-Biotin reagent 
(ThermoScientific #21328) rehydrated in 164µL nanopure water.  After separation on PF-Percoll 
step gradient, the layer containing intact chloroplasts was combined with an equal volume GRM 
with glycine (330mM Sorbitol, 50mM HEPES, 2mM EDTA, 1mM MgCl2, 1mM MnCl2, 2mM 
Ascorbate, 200mM Glycine, pH 7.5) and incubated for 1 hr on ice.  200µL of Dynabeads M-280 
Streptavidin (Invitrogen #112.05D) were washed four times for 5min in 1mL phosphate buffered 
saline (PBS).  Resuspended chloroplasts were combined with one-half volume PBS with 2% 
(v/v) TritonX-100 and incubated with the washed Dynabeads at room temperature, 30 min with 
shaking.  A magnet system was used to immobilize the magnetic beads during the 5 min wash in 
1mL of PBS containing 1% (v/v) TritonX-100. Washes were repeated until the wash solution 
was no longer green.  Dynabeads were resuspended in minimum volume Laemmli sample buffer 
(BioRad #161-0737) and boiled for 5 min or 2D-PAGE Rehydration Buffer (8M Urea, 2% 
CHAPS, 50mM dithiothreito, 0.2% (w/v) Bio-Lyte (3/10) ampholytes, and bromophenol blue; 
BioRad #163-2106); the was solution was centrifuged for 2 min at top speed in a benchtop 
microcentrifuge, and the supernatant was loaded onto a 1D gel or used to rehydrate isoelectric 




SDS PAGE was performed using 4-16% Criterion polyacrylamide gel (BioRad #567-1094) at 
200V (constant voltage) for 45 min.  Gels were rinsed in three changes of deionized water for 5 
min each, stained with Coomassie Brilliant Blue overnight, and destained with 7.5% (v/v) acetic 




Proteins solubilized in 2D-PAGE rehydration buffer were used to rehydrate 11cm pH 4-7 IPG 
strips (Biorad ReadyStrip #163-2015) which were then subjected to isoelectric focusing using a 
PROTEAN i12 IEF System (BioRad #164-6000) programmed to run pH 4-7 gradually.  
Equilibration buffer I (6M Urea, 2% SDS, 0.375 M Tris-HCl (pH 8.8), 20% glycerol, 2% (w/v) 
dithiothreitol; BioRad #163-2107) was applied to IPG strip for 10 min, followed by equilibration 
buffer II (6M Urea, 2% SDS, 0.375 M Tris-HCl (pH 8.8), 20% glycerol, 0.136M iodoacetamide; 
BioRad #163-2108) for 10 min.  Equilibrated IPG strip was placed on the top of a Criterion 8-
16% Tris-HCl polyacrylamide gel (BioRad #567-1101) and covered with overlay agarose before 
being subjected to 200V for 45 min.  Gels were rinsed in three changes of deionized water for 5 
min each and stained with Oriole fluorescent gel stain (BioRad #161-0496) for 90 min in the 











Selected darkly stained bands (1D SDS-PAGE) or well-resolved spots (2D SDS-PAGE) were 
excised from the polyacrylamide gel and washed twice for 45 min at 37˚C with shaking in 1mL 
50% acetonitrile (ACN) with 100mM ammonium bicarbonate (pH 8).  Gel pieces were then 
shrunk in 200µL 100% ACN for 5 min and dried in a SpeedVac (ThermoScientific Savant 
DNA120) at low temperature for 15 min.  Gel pieces were rehydrated in a small volume 
20µg/mL TrypsinGold mass spec grade trypsin (Promega), 40mM ammonium bicarbonate, and 
10% ACN for 1 hr at room temperature, and the rehydrated pieces were incubated in a small 
volume of 40mM ammonium bicarbonate and 10% ACN overnight at 37˚C.  Rehydrated pieces 
were incubated with 150µL HPLC-grade water for 10 min with vortexing, and the wash buffer 
was removed and saved.  The pieces were then twice with 50µL 50% ACN, 5% trifluoreacetic 
acid (TFA) for 1 hr at room temperature, and the solution was removed between replicates to 
combine with the water wash fraction.  Extracts containing trypsinized sample were dried in a 




Dried gel extracts were resuspended in a small volume 0.1% TFA and purified using Millipore 
Zip Tips (EMD Millipore #ZTC18S096).  Zip Tips were prepared by washing with 10µL 100% 
ACN, then 3 10µL washes of 0.1% TFA before drawing the samples into the Zip Tips and 
expelling the liquid after the peptides bound the column.  Peptides were eluted from the Zip Tip 
column with 10µL 70% ACN, 0.1% TFA and combined with an equal volume of alpha-cyano 4-
hydroxycinnamic acid matrix in 50% ACN and 0.1% TFA, which was spotted onto a ground 
steal MALDI target.  Mass spectra were collected using the reflectron-positive (RP) method from 
FlexControl software on a Bruker Autoflex MALDI-TOF spectrometer.  Spectra were processed 
using the PMF.FAMS method and opened in the FlexAnalysis software, where peaks of high 
intensity and isotopic resolution were added to the MS/MS list.  Using the LIFT method, a parent 
spectrum and fragment spectra were collected for each peak in the MS/MS list and processed 
with SNAPFullProcessFALIFT method.  MS/MS spectra were then identified in BioTools using 
the SwissProt database.  
 
Proteome retrieval/interactome retrieval and prediction 
 
The chloroplast outer envelope membrane (OEM) proteome was compiled from various 
literature sources (Heins et al., 1998; Ferro et al., 2003; Qbadou et al., 2003; Inoue, 2007; 
Oikawa et al., 2008; Kessler and Schnell, 2009; Simm et al., 2013).  A virtual interactome was 
generated from the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) 
(Szklarczyk et al., 2011) using the members of the literature curated OEM proteome as queries, 
and searching under medium confidence (score= 0.400) for up to 100 interactors.  Protein-
protein interactions were predicted based on interacting orthologs or interologs.  For proteins of 
the literature curated OEM proteome, amino acid sequences were compared to for homology 
against Saccharomyces cerevisiae by P-BLAST (Altschul et al., 1990) at significance level E < 
10-10.  Using proteins documented to physically interact with the S. cerevisiae homolog at the 
Saccharomyces genome database (SGD) (Issel-Tarver et al., 2002), we then searched for 
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Arabidopsis homologs of the interacting S. cerevisiae proteins (P-BLAST at E < 10-10) (approach 
adapted from (Geisler-Lee et al., 2007).  
 
Network visualization and analysis 
 
Protein-protein interactions harvested from STRING (Szklarczyk et al., 2011) were visualized 
using Cytoscape 2.8.3 (Smoot et al., 2011) and the interactions from each OEM protein were 
merged into a single network using the Advanced Network Merge plug in (Smoot et al., 2011).  
Networks were topologically analyzed using the Network Analyzer plug in for Cytoscape 
(Smoot et al., 2011) and module analysis was performed using the MCODE plug in (Bader and 








































Isolation of intact chloroplasts from S. oleracea 
Intact chloroplasts from spinach leaves were purified by centrifugation on a two-step 
Percoll gradient (Figure 6A).  Bright field microscopy clearly revealed that chloroplasts collected 
from the gradient interface were intact, compared with the fraction collected from above the 
interface (Figure 6C, 6B).  The degree of chloroplast intactness was assessed using phase 
contrast and fluorescence microscopy of a carboxyfluorescein diacetate (CFDA)- treated 
chloroplast fraction harvested from the gradient interface.  It was observed that under phase 
contrast microscopy approximately 80% of the chloroplasts exhibited a bright halo (Figure 6D), 
which has previously been reported to be a positive indicator of chloroplast intactness or import 
competency (Walker et al., 1987).  These haloed chloroplasts also exhibited a bright CFDA 
dependent fluorescence (Figure 6E), which is a recently reported indicator of chloroplast 
intactness in several species (Schulz et al., 2004).  Preliminary light microscopy data also 




Figure 6.  A. Chloroplasts on Percoll density gradient after centrifugation.  Gradient interface is 
indicated by *.  B-E. Images of broken chloroplasts collected from above the gradient interface 
and intact chloroplasts collected from the gradient interface under DIC (B), bright field (C), and 
phase contrast (D), and intact fraction incubated with CFDA under cyan fluorescent protein filter 
(Nikon 96361).  All images 100X magnification. 
 
   
Figure 7. Dynamic stromule activity of isolated chloroplasts incubated with CFDA and viewed 
under cyan fluorescent protein filter (Nikon 96361).  White arrowheads indicate stromules 







Chloroplast outer envelope proteome 
 To characterize the proteome of the chloroplast outer envelope membrane (OEM), 
membrane-impermeant Sulfo-NHS-SS-Biotin reagent was incubated with isolated intact 
chloroplasts collected from the interface of a two step Percoll density gradient.  After chloroplast 
lysis in TritonX-100, the biotinylated proteins were affinity purified using streptavidin beads.  
The biotinylated proteins were released from the beads using either beta-mercaptoethanol or 
dithiothreitol and were fractionated by gel electrophoresis.  One-dimensional SDS-PAGE 
separation of these proteins revealed the presence of a complex mixture containing proteins of 
various molecular weights (Figure 8). When selected darkly stained bands on the gel were 
excised, trypsinized, and analyzed by tandem mass spectrometry (MS/MS), six proteins were 
identified (Table 2).  Affinity purified proteins were also separated by two-dimensional SDS-
PAGE (data not shown) and identified by MS/MS.  Four proteins were identified in this manner 




Figure 8.  SDS-PAGE separation of affinity purified proteins.  The chloroplast surface- 
associated proteins were labeled using a membrane impermeant biotin labeling reagent and 
were affinity purified using streptavidin-coupled magnetic beads.  The proteins were 
separated by SDS-PAGE, and stained with Coomassie Brilliant Blue.  Two trials were 
performed: lanes A1-4 contain the replicates of a sample from one trial, and lanes B1-2 





















Table 2.  Affinity purified proteins isolated from chloroplasts and identified by tandem mass 




















    
Protein microarray screening for protein-protein interactions 
In an effort to ascertain the interactome of the chloroplast OEM, we developed a 
screening technique that utilized protein microarray technology.  Isolated intact chloroplasts 
were used to probe commercially available protein microarrays of 10,000 Arabidopsis open 
reading frames (ORFs) (Popescu et al., 2007; Lamesch et al., 2012).  As no published screening 
technique had used whole-organelle probes, it was initially necessary to determine if such an 
approach was possible.  In addition, the manufacturer of the arrays did not provide quality 
control information for the protein chips, so we began our investigation with an effort to 
determine the quality of the protein chips. To show the consistency of the array printing and to 
determine if the concentration of protein was equivalent across the array, a fluorescent protein 
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stain was used on brand new, unblocked and unprobed arrays.  Sypro Ruby general protein stain 
(Molecular Probes) treated arrays demonstrated that protein printing and concentration appeared 
to be consistent across the array (Figure 9). 
 
 
 When working with protein microarrays, it is necessary to first apply a blocking buffer to 
prevent non-specific binding of the probe molecule to the array surface.  Initially, a 1% (w/v) 
solution of bovine serum albumin (BSA) was used as the blocking buffer.  After blocking and 
probing with intact chloroplasts, there was evidence of specific binding of the chloroplasts to 
some of the arrayed proteins, but the scans also showed very high levels of background 
fluorescence (Figure 10A).  Several blocking agents commonly used for western blotting were 
explored for minimal intrinsic fluorescence and maximal blocking efficacy.  Commercial protein 
blocking buffer (SuperBlock) and 5% (w/v) solutions of lowfat milk, gelatin, and BSA were 
spotted onto the array surface and imaged at 635nm (Figure 11).   Although intrinsic 
fluorescence at 635nm was lowest for SuperBlock (Figure 11, 10C), it was found that non-
specific chloroplast binding was minimized by blocking the arrays with 5% BSA. (Figure 10B).  
 
Figure 9. Protein concentration and 
printing consistency were approximately 
assessed using Sypro Ruby fluorescent 
protein stain (Molecular Probes).  
Unblocked and unprobed arrays were 
incubated with Sypro Ruby and imaged 
on a Genepix array scanner.  Image is 
presented in ratio wavelength view 
(635/532nm), where 532nm (green) 
corresponds to Sypro Ruby excitation, 




Figure 10. AtChip2 protein microarray blocked with 1% BSA (A), 5% BSA (B), or SuperBlock 
(C) and probed with 100µg/mL chloroplasts, each shown with a zoomed portion.  Chlorophyll 
autofluorescence was detected at 635nm on a Genepix array scanner.  
 
 
Figure 11.  Testing of blocking reagents.  Microarray was spotted with 5% (w/v) gelatin, 1X 
SuperBlock, 5% (w/v) lowfat milk, and 5% (w/v) BSA (left to right) and imaged at 532nm and 
635nm on a Genepix array scanner. 
 
In order to determine the durability of the arrays, we wanted to determine if it was 
possible to strip and re-probe an array. Published protocols do not include washing and re-
probing of the arrays, so it was necessary to explore a variety of methodologies.  A washing 
solution of chloroplast grinding and resuspension buffer with 1% Triton X-100 failed to 
effectively remove the probe, even after several hours of washing (Figure 12A).  However, a 15-
A B C




minute exposure to 0.5% (w/v) SDS and subsequent water washes effectively removed the 
chloroplasts and chloroplast debris (Figure 12B, 13B).  After stripping the array with the SDS 
solution, it was possible to probe the array again and obtain comparably specific binding (Figure 
13).   
 
Figure 12. Microarrays were probed with 100 µg/mL chloroplasts and subjected to washing with 
1% TritonX-100 (A) or 0.5% SDS and water (B) to remove the probe.  
 
 
Figure 13. Microarray probed with 100 µg/mL chloroplasts (A), washed with 0.5% SDS and 
water (B), and probed with another sample of 100 µg/mL chloroplasts (C).  Images presented in 
ratio wavelength view (635/532nm) and zoomed to show detail.   
 
A B C 
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This newly developed probing protocol was used to screen for protein-protein (or protein-
lipid) interactions of isolated intact chloroplasts and 10,000 expressed Arabidopsis ORFs 
(Popescu et al., 2007; Lamesch et al., 2012).  An interaction was considered significant when 
duplicates of the bait protein each exhibited a fluorescence signal that was 2X above the standard 
deviation of background fluorescence [(F635mean – B635mean) > 2*B635SD] (Popescu et al., 
2007).  Over three trials in which an array was probed with 100 µg/mL isolated chloroplasts, an 
average of 154 significant interactions was detected, ranging from 102-202 interactions per trial.  
Of the total 462 detected significant interactions, 11.3% appeared in two trials (Table 3), and the 
other 88.7% were unique to a given trial (Table A1 in appendix).  Both the duplicate interactors 
and the unique interactors were analyzed based on gene ontology, using the GoSlim gene 
ontology annotation tool at TAIR (Figure 14, 15, 16) (Lamesch et al., 2012).  Of the detected 
interacting proteins, the most common localization was to the nucleus, followed by the 
cytoplasm for both duplicate and uniquely interacting proteins.  Chloroplast proteins make up 
5% of the duplicate interactors and 10% of the unique interactors, and just under one-tenth of the 
proteins (9.1% and 9.0%, respectively) are localized to unspecified membranes (Figure 14).  In 
terms of biological processes, interacting proteins participate extensively in metabolism when 
protein and DNA/RNA metabolism and other metabolic processes are taken together (33% and 
27%, respectively).  They are also involved in the cell’s response to the environment, and when 
stress and abiotic or biotic stimuli responses are considered together, these proteins make up 
7.5% of duplicate interactors and 9.8% of single interactors (Figure 15). The interacting proteins’ 
molecular functions are varied and include protein, nucleotide, and DNA/RNA binding, as well 
as many enzymatic activities (Figure 16).   
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Table 3.  Chloroplast interactome detected by probing an AtChip2 protein microarray with 
isolated chloroplasts.  These AtChip2 proteins are significant interactors appearing in two out of 





















































































































Figure 14.  Cellular compartment gene ontology annotation of proteins interacting with 
chloroplasts, detected by probing AtChip2 with isolated chloroplasts (100 µg/mL).  Proteins 
appearing in two of three and one of three trials were analyzed separately using the GOSlim tool 
at TAIR (Lamesch et al., 2012).   
 
 
Figure 15.  Biological processes gene ontology annotation of proteins interacting with 
chloroplasts, detected by probing AtChip2 with isolated chloroplasts (100 µg/mL).  Proteins 
appearing in two of three and one of three trials were analyzed separately using the GOSlim tool 


































































































































































































































































































































Figure 16.  Molecular function gene ontology annotation of proteins interacting with 
chloroplasts, detected by probing AtChip2 with isolated chloroplasts (100 µg/mL).  Proteins 
appearing in two of three and one of three trials were analyzed separately using the GOSlim tool 
at TAIR (Lamesch et al., 2012).   
 
 
Bioinformatics to generate virtual OEM interactome 
 
In addition to experimental studies using intact isolated chloroplasts, the literature-
curated OEM proteome (Table 1) was used as the basis for the construction of an in silico 
chloroplast interactome.  Documented protein-protein interactions were retrieved from the 
STRING database for each of the 45 literature-curated chloroplast OEM proteome proteins 
(except OEP16-4, which had no documented interactions) and were combined to generate a 
virtual chloroplast OEM interactome (Figure 17).  The resulting 1,121-node, 17,633-edge 
network contained primary interactions for the chloroplast, as well as secondary interactions.  
The degree distribution ranged from 1-149, as determined from the Network Analyzer plug in  
(Table 4) (Smoot et al., 2011).  When degree distribution was plotted by number of nodes versus 
node degree, the plot had a higher coefficient of correlation when fit to a power law (R2=0.689) 
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than to a line (R2=0.485; data not shown) (Figure 18), suggesting that the chloroplast interactome 
exhibits a more scale-free character than it does a random character (Barabasi and Oltvai, 2004).  
The average clustering coefficient (Cn) for this network is 0.704, indicating a moderately high 
level of local connectivity or cliquishness (Dong and Horvath, 2007).  Network density was low 
(0.028), and heterogeneity was high (0.921), indicating that the interactome tended toward 
having a few highly connected hubs and a majority of relatively isolated nodes (Dong and 
Horvath, 2007).  Average number of neighbors (31.459) and characteristic path length (3.492) 
also contribute to an overall picture of this interactome as a fairly typical scale free biological 
network (Barabasi and Oltvai, 2004).   
  ‐39‐ 
 
Figure 17. Virtual interactome of chloroplast OEM.  Proteins belonging to the literature-curated 
chloroplast OEM proteome (Table 1) are indicated by yellow nodes (circles), and pink nodes 
(circles) represent proteins documented in STRING to interact with proteome components; the 
chloroplast OEM is indicated by the large green node.  These interactions were harvested from 
STRING using medium confidence level (score ≥ 0.400) (Szklarczyk et al., 2011) and visualized 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.  Virtual OEM interactome network statistics generated by the Network Analyzer plug 
in for Cytoscape 2.8.3 (Smoot et al., 2011).  
 
 
Figure 18.  Degree distribution analysis for virtual chloroplast interactome (Figure 17).  Number 
of nodes (y-axis) plotted on a logarithmic scale.  
 
 The interactome was also analyzed for modules using the MCODE plug in (Bader and 
Hogue, 2003).  Of the seven top scoring modules, four contained proteins from the literature-
curated OEM proteome (Figure 19), and three contained only interacting proteins harvested from 
STRING (data not shown).  One cluster includes four members of the OEM proteome, CHUP1, 
NPL1/PHOT2, TOC33, and LPTD (Figure 19A), while the module presented in Figure 19C 

































literature-curated proteome, but it is highly clustered with a large number of other proteins in the 
cytochrome P450 family of proteins (Figure 19B).  One cluster contains both HSP70 and CRL 
and has an interesting topography such that the two relatively highly-connected OEM proteins 
are connected to one another by four edges (Figure 19D).   
 
Figure 19.  Selected modules from virtual chloroplast interactome, as determined MCODE 
(Bader and Hogue, 2003).  Proteins belonging to the literature-curated chloroplast OEM 
proteome (Table 1) are indicated by yellow nodes (circles), and pink nodes (circles) represent 
interacting proteins documented in STRING (Szklarczyk et al., 2011); modules were visualized 




































































































































































































































































 The virtual interactome was analyzed based on gene ontology, using the GoSlim gene 
annotation tool (Figure 20, 21, 22) (Lamesch et al., 2012).  The most common 
compartmentalization was to the cytoplasm (19.7%), chloroplast (18.4%) and other plastids 
(11.9%).  Unspecified membrane proteins make up just under one-tenth (9.5%) of the interacting 
proteins, and mitochondrial and nuclear localization were nearly equal (4.9% and 4.4%, 
respectively) (Figure 20).  In terms of biological processes, about one-third of interacting 
proteins participate (30.781 %) in metabolism when protein and DNA/RNA metabolism and 
other metabolic processes are taken together.  They are also involved in the cell’s response to 
stress (6.9%) and abiotic or biotic stimuli (7.6%) (Figure 21).  The interacting proteins’ 
molecular functions are varied and include protein (8.7%), nucleotide (8.3%), and DNA/RNA 
binding (4.1%), as well as many enzymatic activities (Figure 22). 
 
Figure 20.  Cellular compartment gene ontology annotation of virtual chloroplast OEM 
interactome compiled from STRING (Szklarczyk et al., 2011).  Analyzed using the GOSlim tool 











































































































































Figure 21.  Biological processes gene ontology annotation of virtual chloroplast OEM 
interactome compiled from STRING (Szklarczyk et al., 2011).  Analyzed using the GOSlim tool 




Figure 22.  Molecular function gene ontology annotation of virtual chloroplast OEM 
interactome compiled from STRING (Szklarczyk et al., 2011).  Analyzed using the GOSlim tool 








































































































































































































































































































































One notably missing protein-protein interaction in the virtual interactome was that of 
CHUP1 with actin, which is well supported in the literature (von Braun and Schleiff, 2008; 
Usami et al., 2012).  Interolog logic was used to predict interactions between CHUP1 and ACT8 
or ACT2 isoforms.  At significance level E-value ≤ 10-6, there is a Saccharomyces cerevisiae 
homolog of CHUP1 (YGR1306) (Altschul et al., 1990).  This homolog has evidence of an 
interaction with a yeast actin isoform (ACT1) that is homologous with Arabidopsis ACT8 (Issel-
Tarver et al., 2002).  This logic suggests an interaction between CHUP1 and ACT8 (Figure 23).  
A variety of protein-protein interaction databases (STRING, PAIR, BioGrid, APID, BAR) were 
also used to compile the ACT2 and ACT8 interactomes (Prieto and De Las Rivas, 2006; Geisler-
Lee et al., 2007; Li et al., 2011; Lin et al., 2011; Szklarczyk et al., 2011; Chatraryamontri et al., 
2013), and they were merged using the Advanced Network Merge plug in (Figure 24A, 24B) 





Figure 23.  CHUP1 interactome.  Interaction data was compiled from STRING (blue edges) 
(Szklarczyk et al., 2011), literature (pink edges) (von Braun and Schleiff, 2008; Usami et al., 
2012), and predicted from interologs (orange edge) (Altschul et al., 1990); chloroplast is 




Figure 24. Actin 2 (A) and Actin 8 (B) interactomes.  Interaction data was compiled from various 
databases, and sources are distinguished based on edge color: STRING (blue), PAIR (green), BioGrid 
(red), APID (orange), BAR (purple) (Prieto and De Las Rivas, 2006; Geisler-Lee et al., 2007; Li et al., 
2011; Lin et al., 2011; Szklarczyk et al., 2011; Chatraryamontri et al., 2013).   Visualized using 







































































































































































































 This study sought to identify and characterize the chloroplast-centric protein-protein 
interaction networks that mediate the integration of chloroplasts with the rest of the plant cell.  
Such interactions are hypothesized to exist on the basis of chloroplast structure, function, and 
evolutionary history.  A literature search revealed a documented chloroplast outer envelope 
membrane (OEM) proteome that consists of 45 proteins (Table 1); this proteome was used as the 
basis for generating an in silico chloroplast OEM interactome.  Efforts were made to determine a 
more complete OEM proteome by isolating and characterizing the proteins of intact isolated 
chloroplasts, and isolated chloroplasts were also used probe protein microarrays to validate the in 
silico interactome.   
 
Chloroplasts from S. oleracea  
Isolated spinach chloroplasts were used for this study, as historically, chloroplasts 
isolated from spinach leaves have been of higher quality than those isolated from Arabidopsis 
(Harris, 2013). The quality of the chloroplasts was particularly important for the results reported 
here because the experiments were dependent on the chloroplasts retaining an intact OEM.  We 
used two different light microscopy assays to determine the degree of chloroplast intactness. One 
assay involved monitoring the uptake of carboxyfluorescein diacetate (CFDA) into the stroma of 
intact chloroplasts by fluorescence microscopy (Schulz et al., 2004).  Ours is the first reported 
use of this intactness assay for spinach chloroplasts.  Interestingly, we found that it was possible 
to observe stromules by this method.  Stromules, so called because they are stroma-filled tubules 
that extend from plastids (Kohler and Hanson, 2000), have to our knowledge been documented 
only in whole cells.  They likely act to facilitate chloroplast communication with other cellular 
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components, including the mitochondria, ER, and peroxisomes, as well as with the cytoplasm 
(Kwok and Hanson, 2004).  The exchange of materials between chloroplasts and the ER or 
mitochondria is a mechanism for coordination of metabolic activities (Andersson et al., 2007; 
Takagi et al., 2011).  Stromules have also been shown to be related to innate immunity in plants 
(Caplan et al., 2008) and to the cell’s response to biotic or abiotic stresses (Schattat et al., 2012).  
Stromules seem to accomplish their functions by increasing the surface area to volume ratio of 
the plastid, allowing for increased levels of macromolecular exchange (Kwok and Hanson, 2004) 
and network connections.  This documentation of stromules appearing from isolated chloroplasts 
suggests that the force to generate stromules is an internal force that projects the tubules out, 
rather than an external force that draws them out.  Given the connection between stromules and 
stress response (Schattat et al., 2012), these observations suggest that the stressful condition of 
being isolated from the cellular context is sufficient to induce stromule appearance, potentially in 
an effort to sense or communicate with other chloroplasts, and that stromules are an important 
signaling mechanism for chloroplasts.   
 
Chloroplast outer envelope membrane proteome 
Many research groups are interested in identifying and characterizing the OEM proteome.  
They have encountered difficulties in obtaining chloroplast OEM fractions free of contaminating 
proteins, and the traditional sucrose density centrifugation techniques that do yield 
uncontaminated fractions are harsh enough that they proteomes they yield are likely incomplete 
(Heins et al., 1998; Ferro et al., 2003; Qbadou et al., 2003; Inoue, 2007; Oikawa et al., 2008; 
Kessler and Schnell, 2009; Simm et al., 2013).  A relevant example is that proteomes determined 
by sucrose density centrifugation techniques lack CHUP1 as part of the OEM proteome (Heins et 
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al., 1998; Ferro et al., 2003; Qbadou et al., 2003; Inoue, 2007; Oikawa et al., 2008; Kessler and 
Schnell, 2009; Simm et al., 2013), even though localization studies have shown that it is an OEM 
protein (von Braun and Schleiff, 2008).  A comprehensive chloroplast OEM proteome was 
necessary to perform bioinformatic studies, so we sought to identify the chloroplast OEM 
proteome by literature mining and by applying a biotin-labeling technique previously used to 
isolate plasma membrane proteins from animal cells (Hoffmann et al., 2003) to isolated 
chloroplasts.  Using this technique, nine proteins were identified, but no proteins traditionally 
reported to be part of the OEM proteome were identified, leading us to question the applicability 
of this method for OEM proteome characterization.  The nine proteins that were identified had 
localizations including the nucleus, stroma, cytoplasm, plasma membrane and other 
compartments, suggesting that these proteins were associated with a variety of cellular 
compartments that would have been disrupted during the chloroplast isolation procedure.  These 
interactions were probably related to the chloroplast’s inherent “stickiness,” which is in part due 
to the net negative charge conferred by its lipid composition (Benning, 2010) and the acidic 
carboxyl tails of embedded membrane proteins (Nakatani et al., 1978; Stocking and Franceschi, 
1982).  In a functional whole cell, this “stickiness” is probably important for establishing specific 
network connections, but in our experiments, this “stickiness” likely led to non-specific binding 
of proteins to the chloroplast surface.  While the method used for chloroplast isolation in this 
study yields a high percentage of intact chloroplasts, it also inevitably generates cell debris due 
to grinding of leaf tissues.  The biotinylation reagent forms linkages to any exposed amine group, 
so any proteinaceous cell debris associated with the intact chloroplasts or present in the fraction 
exposed to the biotinylation reagent could also be biotinylated and affinity purified with the 
chloroplast proteins.  The large subunit of RUBISCO and histone H4 are two proteins whose 
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presence can probably be accounted for by this reason.  The large subunit of RUBISCO is an 
extremely abundant protein in the plant cell and is predominantly stromal (Ellis, 1979; Lamesch 
et al., 2012); therefore the identification of RUBISCO as a member of the OEM is probably due 
to it being released from the stroma of broken chloroplasts during isolation and adhering to the 
chloroplast OEM.  The same argument can be made for the identification of the nuclear protein 
histone H4; in addition to breaking open some fraction of chloroplasts during isolation, it is 
likely that the grinding procedure also breaks apart other organelles like the nucleus and releases 
their contents.  Histone H4 binds tightly to DNA to form the nucleasome within the nucleus, and 
it does so on the basis of electrostatic interactions between the positively charged protein and 
negatively charged DNA strands (Lehninger et al.).  Given the net negative charge of the 
chloroplast proteins (Nakatani et al., 1978; Stocking and Franceschi, 1982), it holds that histone 
H4 would bind with high affinity to the chloroplast surface.  Additionally, the histone H4 
sequence is rich in lysine and arginine residues, so the biotin reagent probably has a very high 
affinity for histones, contributing to their identification (Consortium, 2011).  Other groups have 
found histone contamination to be a problem when isolating and identifying chloroplast proteins 
as well, including Simm and colleagues who reported the presence of histone H2 in their 
chloroplast proteome review (Simm et al., 2013).  However, it is also possible that some of the 
proteins labeled by biotin are chloroplast specific and play important roles in the plant cell.  For 
example, actin depolymerizing factor 9 (ADF9), a cytoplasmic protein responsible for the 
bundling of actin filaments (Lamesch et al., 2012), was also identified after affinity purification.  
Given the known association of actin with the chloroplast for light-mediated repositioning 
(Kadota et al., 2009), the association of an actin-bundling protein with the chloroplast outer 
membrane provides another piece of evidence in support of this hypothesis.  Therefore, the 
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identified proteins may represent either specific or non-specific associations between the 
chloroplast and proteins of other localizations, and the lack of OEM proteins identified suggests 
that the biotinylation reagent was not able to penetrate the coat of proteins on the chloroplast to 
access the OEM proteins.  The results reported here have shown that the biotin affinity 
purification method, when applied to isolated chloroplasts, generates a complex proteomic data 
set that involves both specific and non-specific binding.  The results of both the one-dimensional 
and two-dimensional SDS-PAGE further revealed the apparent complexity of the proteins 
associated with the outer chloroplast membrane.   
 It is likely that further separation of the affinity-purified proteins by liquid 
chromatography methods may allow for detection of more members of the OEM (McCormack et 
al., 1997).  Furthermore, it may also be possible to apply techniques of multidimensional protein 
identification technology (MudPIT) to identify this mixture of proteins (Washburn et al., 2001).  
 
Probing the chloroplast interactome by protein microarray screening  
 
The capacity of intact isolated chloroplasts to engage in protein-protein or protein-lipid 
interactions was assessed by probing protein microarrays with isolated intact spinach 
chloroplasts.  Published protocols for probing protein microarrays were successfully adapted to 
accommodate probing with intact chloroplasts.  Blocking buffer optimization revealed that 5% 
(w/v) bovine serum albumin (BSA) was the best blocking buffer in this study, but some evidence 
of non-specific binding of chloroplasts or chlorophyll to the array surface and variation in the 
background fluorescence across the array suggests that further blocking optimization may be 
necessary.  In addition to revealing that chloroplasts can be used as a protein microarray probe, 
this study also revealed that protein microarrays could be stripped and re-probed with 
chloroplasts.  These findings are in agreement with other work in this lab that demonstrated that 
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a microarray probed with actin can be stripped and re-probed with a similar pattern of binding 
(Martin, 2013).   
The optimized screening technique was used to determine the interactome of intact 
chloroplasts.  The data revealed a complex 462-protein chloroplast interactome, which may 
involve protein-protein or protein-lipid interactions.  It is likely that the interactome does contain 
protein-lipid interactions, because of the anionic nature of the chloroplast membrane lipids, 
specifically phosphatidylglycerol (PG) (Douce and Joyard, 1981; Heber and Heldt, 1981), and 
the presence of a large number of cationic proteins in a plant cell (Lamesch et al., 2012).   
Gene ontology annotation (Lamesch et al., 2012) of the biological processes of detected 
interacting proteins correlated well with the known functions of the chloroplast.  About 30% of 
the interacting proteins were categorized as relating to metabolism, suggesting that the 
chloroplast’s many metabolic functions, including fatty acid synthesis, nitrogen and sulfur 
metabolism, and protein metabolism (Ferro et al., 2003), are regulated by protein-protein 
interactions.  When the detected interactions were categorized by cellular compartmentalization 
(Lamesch et al., 2012), there was a higher percentage of nuclear-localized proteins than 
anticipated, given that chloroplasts and nuclei have not traditionally been thought to interact 
physically.  However, the possibility that these proteins are localized to the nuclear membrane 
rather than internally might more feasibly suggest interactions between the two organelles.  
Additionally, chloroplasts and nuclei have a clear genetic interaction.  A significant proportion of 
proteins localized to the chloroplast are encoded in the nuclear genome (Martin et al., 2002) and 
targeted to the chloroplast via signal peptides (Heins et al., 1998).  One example of this is the 
small subunit of RUBISCO.   Chloroplasts are responsible for much of the environment-sensing, 
especially light-sensing, in the plant cell (Huner et al., 1998); in order for the signals received by 
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the chloroplasts to translate into gene regulation and differential protein synthesis, the signal 
must be relayed from the chloroplast to the nucleus (Taylor, 1989).  The high instance of 
interactions between chloroplasts and nuclear-localized proteins may suggest that protein-protein 
or protein-lipid interactions form the basis for some of this genetic coordination.  There might 
also be communication between the chloroplast, ER, and nucleus for the purpose of 
communicating about lipid synthesis.  Electron micrograph studies have shown that the ER and 
outer nuclear envelope are continuous (Voeltz et al., 2002), and the chloroplast and ER have 
been suggested to interact through membrane or membrane-protein contact (Whatley et al., 1991; 
Andersson et al., 2007; Sandelius et al., 2007).  Together, this might suggest that chloroplasts 
communicate with the nucleus through contact with the ER.  The small number of mitochondrial 
or ER localized interactors did not strongly suggest metabolic coordination between the 
chloroplast and either organelle on the basis of physical interactions, as the mitochondrial 
proteins were of unknown function, and the ER proteins were either of unknown biological 
process (AT2G16760) or weakly connected to metabolism (the glutathione-S-transferase, 
AT1G65820) (Marrs, 1996).  However, the protein microarray experiment only probed 10,000 of 
the 23,000 Arabidopsis ORFs, so it is possible that other protein-protein interactions support this 
relationship.  Interacting proteins were also commonly cytoplasmic or localized to unspecified 
membranes, suggesting that chloroplasts communicate across the cell by exploiting a protein 
roadwork in the cytoplasm and by direct membrane-protein-membrane-protein interactions 
between organelles or the plasma membrane.  
Over three trials, 11.3% of the 462 detected interacting proteins were detected in two out 
of three trials, and 88.7% were detected in a single trial only.  This fairly low level of overlap 
may speak to some complications associated with using whole organelles to probe protein 
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microarrays, and it also suggests the importance of using multiple detection methods when 
seeking interactome data.   
It is worth considering the potential for both false positives and false negatives associated 
with this screening technique.  Our data suggest that a large number of proteins from throughout 
the cell associate with the chloroplast, potentially forming a protein coat around the isolated 
chloroplast.  This protein coat might also contain proteins from the inner envelope membrane 
(IEM) or thylakoids that were released during grinding.  The presence of these proteins may lead 
to increased binding of the chloroplast probe to the arrayed proteins, or it might prevent proteins 
of the chloroplast OEM from binding as strongly or at all to target proteins on the array.  In 
addition to such “induced” weak binding, it is commonly accepted that transient protein-protein 
interactions occurring at various times throughout the cell are important for biological function, 
and detection of these transient interactions has been the source of much effort in the field 
(Phizicky and Fields, 1995; Csermely, 2006).  These already difficult to detect interactions may 
be easily reversed during the washing step between probing and imaging the array, resulting in 
false negatives.  Previously, Johng applied a silicon oil centrifugation, which eliminates the 
extensive washing steps associated with sucrose density centrifugation and allows weak or 
transient interaction to be more readily detected (Wirtz et al., 1980) to isolated chloroplasts 
(Johng, 2008).  Similarly, it may be preferable to develop a method for stabilizing weak or 
transient interactions between probe and bait molecules for applications with protein 
microarrays.  In any case, the low rate of overlap between trials and the potential for false 
positives and false negatives suggests that it will be necessary to combine interactions 
determined by many replicate trials of this method with other techniques in order to obtain a 
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complete picture of the chloroplast OEM interactome.  
 
Characteristics of the virtual interactome 
The STRING database (Szklarczyk et al., 2011) was used to collect protein-protein 
interaction data for proteins in the literature-curated chloroplast OEM proteome (Table 1).  The 
resulting 1,121-node, 17,633-edge virtual chloroplast interactome was analyzed by the Network 
Analyzer plug in for Cytoscape (Smoot et al., 2011), and determined to have a quasi scale free 
character on the basis of clustering coefficient, network density, network heterogeneity, and the 
fitting of degree distribution to a power law (Barabasi and Oltvai, 2004; Dong and Horvath, 
2007).  The clustering coefficient value points to a moderate level of local connectivity and 
cliquishness within the network, which is unexpected in a scale free network, though the network 
density and heterogeneity certainly support the expected small number of hubs and large number 
of loosely connected nodes typical of a scale free network (Barabasi and Oltvai, 2004).  Looking 
at the size of the network may provide some explanation for this incongruity: given that the 
network is small by comparison to a global social network or even the network of a whole cell, it 
seems likely that local connectivity or cliquishness measures would be skewed upward.  
When the detected interactions were categorized by gene ontology annotations (Lamesch 
et al., 2012), the main localizations were cytoplasmic (19%) and chloroplast (18%), as well as 
unspecified membranes (9.5%).  This finding was supportive of the idea that chloroplasts 
communicate throughout the cell via protein-protein interactions across the cytoplasm or through 
organellar membranes.  Biological process analysis (Lamesch et al., 2012) also yielded expected 
results, with metabolic processes being strongly represented.  The percentage of protein 
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interactors functioning in transport was lower than anticipated, since chloroplasts depend heavily 
on the import of nuclear-encoded proteins (Heins et al., 1998; Martin et al., 2002).   
It has been established that proteins that physically interact with each other are more 
likely to function together, and proteins that function together often physically interact (Bader 
and Hogue, 2003; Barabasi and Oltvai, 2004; Dong and Horvath, 2007).  This observation forms 
the basis for the analysis of modules or clusters in interaction networks in order to infer the 
functionality of the network.  Such knowledge, combined with mathematical algorithms for 
finding highly connected clusters of nodes, allows for the prediction of molecular complexes or 
modules based on the way that proteins are clustered in a network (Bader and Hogue, 2003; 
Barabasi and Oltvai, 2004).  The Molecular Complex Detection (MCODE) algorithm can be 
applied to a network on a sliding scale, such that the cutoff cluster size can be adjusted to detect 
clusters of different sizes.  MCODE was used on the chloroplast virtual interactome and returned 
a number of clusters; for the purposes of this study, four top scoring modules that contained 
literature curated OEM proteome components were considered.  As expected, one module 
contained CHUP1 and NPL1/PHOT2, since both these proteins function in chloroplast 
repositioning in response to light conditions (Oikawa et al., 2003; Kadota et al., 2009), but the 
same module also contained TOC33 and LPTD.  While LPTD has an unknown function, TOC33 
is a component of the translocon at the outer envelope (TOC) complex.  This module may 
suggest some previously unidentified connection between protein import and light response or 
could point to a function for LPTD.  Another cluster contained seemingly unrelated proteins 
HSP70, a heat shock protein involved in unfolding of preproteins for import into chloroplasts by 
TOC (Heins et al., 1998) and CRL, which is involved in plastid and cell division (Asano et al., 
2004).  The topology of this cluster is interesting: a small number of plastid biogenesis-related 
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proteins (for example, ATAB2 and PTAC4) are linked to CRL, and a larger number of heat 
shock proteins are linked to HSP70, yet the two clusters are linked to each other by 
predominantly plastid biogenesis and chlorophyll biosynthesis proteins (RPL11, ATPD, CHLI1, 
G4, for example) (Lamesch et al., 2012).  This may suggest an alternate function of HSP70 than 
its known function in translocation, or it may suggest that some HSPs function in pathways 
related to plastid biogenesis.  Unexpectedly, module analysis did not return a cluster containing 
the TOC components, though it is conceivable that the comparably small size of such a cluster 
resulted in it not appearing in the top scoring results.  While the determination of novel 
functional modules is outside the scope of this research, the presence of detectable modules 
suggests that the virtual chloroplast interactome may lead to the discovery of previously 
unknown functional associations.   
Given the strong evidence in the literature for the association of actin with the 
chloroplast-localized protein CHUP1 (von Braun and Schleiff, 2008; Usami et al., 2012) it was 
unexpected that the virtual interactome did not include this interaction.  Searches of other 
protein-protein interaction databases also failed to return a connection between actin and CHUP1 
(Prieto and De Las Rivas, 2006; Geisler-Lee et al., 2007; Li et al., 2011; Lin et al., 2011; 
Szklarczyk et al., 2011; Chatr-aryamontri et al., 2013).  Making protein-protein interaction 
predictions on the basis of interacting orthologs or interologs is an accepted practice for 
generating predicted protein networks to experimentally validate (Walhout et al., 2000; Geisler-
Lee et al., 2007), so this approach was taken with CHUP1, and an interaction between CHUP1 
and actin 8 (ACT8) was predicted based on yeast interologs.  The literature also supports an 
interaction between CHUP1 and actin (Kadota et al., 2009).   By exploring connections between 
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CHUP1 and actin, the chloroplast OEM interactome can be extended to include the plant actin 
interactome.   
Comparison of virtual and experimental interactomes 
The STRING-harvested in silico chloroplast OEM interactome and experimental 
interactome were compared to validate the virtual interactome.  In terms of network size, the 
virtual interactome included many more nodes and edge than the experimental, which is logical 
for a number of reasons.  The virtual interactome included secondary interactions between OEM-
interacting proteins, while the microarray experiment only detected primary interactions.  
Additionally, it is possible that transient or weak interactions that were not detected in the 
microarray experiment were accounted for by other means and thus present in the STRING-
harvested interactome.  It is also important to note the sources of interaction data from the 
STRING database: neighborhood, gene fusion, co-occurrence, co-expression, other experiments, 
other databases, textmining, and homology (Szklarczyk et al., 2011).  The wide variety of 
sources increases the chances of seeing false positives and inflates the size of the virtual 
interactome compared to network determined by a single experimental technique, especially 
when interactions are harvested at the medium confidence level. 
Gene ontology annotations of the experimental and virtual interactomes were 
comparable.  For both networks, the main biological processes were cellular and metabolic, and 
a similar percentage of the interactors involved in cell organization and biogenesis and protein 
metabolism across the two networks.  Again, the high percentage of metabolic processes 
correlated well with the fact that chloroplasts act as biosynthetic hubs.  The general agreement 
between the networks suggests that the smaller experimental network represents or samples the 
larger virtual network fairly well.  Molecular functions are also consistent between the two 
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networks: enzymatic, binding, and transferase function are the most common, as well as similar 
percentages of proteins involved in hydrolase activities between the two networks.   Cellular 
compartmentalization was the main area of difference between the virtual and experimental 
networks, with experimental interactors tending strongly and surprisingly toward nuclear 
localization compared with the more expected cytoplasmic and membrane localization seen in 
the virtual network. 
A number of in silico interactions were experimentally validated by probing microarrays 
with intact chloroplasts.  These included 13 interactions: AT1G06190, AT1G10670, 
AT1G21065, AT1G23390, AT1G65820, AT1G70760, AT2G32650, AT2G33800, AT2G35410, 
AT2G38820, AT3G56490, AT3G61590, and AT5G52110.  Several of these proteins were 
related to biosynthetic and metabolic processes: HCF208/CCB2 and CRR23/NDHL relate to 
photosynthesis, ACLA-1 is involved in acetyl-CoA metabolism and polysaccharide biosynthesis, 
and HW/HWS is a ubiquitin-protein ligase involved in protein metabolism (Lamesch et al., 
2012).  These results support the common theme of chloroplast protein-protein interactions 
relating to the biosynthetic activities of the chloroplast.  Other validated interactors are involved 
in gene regulation:  RHON-1 is involved in chloroplast RNA processing, and EMB3113 is a 
structural component of the ribosome that is also involved in stress response (Lamesch et al., 
2012).  With their chloroplast and nuclear localizations, these interactions may support the idea 
that environmental response by the chloroplast is translated into gene regulation by protein-
protein interaction mediated communication with nuclear proteins.  In addition to the 
functionally interesting proteins that were present in both the experimental and virtual 
chloroplast interactomes, components of the ubiquitin proteasome were detected in either the 
virtual or experimental interactomes.  In the virtual interactome, RPT5B, RPT2, and RPN10 
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were detected, and BB2 was detected by the microarray experiment.  These results were 
interesting in light of recent work implicating the ubiquitin proteasome complex in plastid 
biogenesis (Ling et al., 2012) and owing to previous work in this lab, which detected proteasome 











































Table A1.  Chloroplast interactome detected by probing an AtChip2 protein microarray with 
isolated chloroplasts.  These AtChip2 proteins are significant interactors appearing in one out of 
three trials.   
Protein AGI  Protein AGI  Protein AGI  Protein AGI  Protein AGI  Protein AGI 
  ATMG00210    AT5G12220    AT4G12450    AT3G17510.2    AT1G78370.1    AT1G52270.1 
  AT5G66530.1    AT5G11810    AT4G09550    AT3G17440    AT1G77710.1    AT1G52140 
  AT5G66240    AT5G11690    AT4G08940    AT3G14960    AT1G77350    AT1G51960 
  AT5G65260.1    AT5G11000    AT4G03120.1    AT3G14595    AT1G76820.1    AT1G51650.1 
  AT5G60520    AT5G10810    AT4G02425    AT3G12410    AT1G76300.1    AT1G51580 
  AT5G58960.2    AT5G09500    AT4G01580.1    AT3G12080.1    AT1G76230    AT1G50900.1 
  AT5G58500    AT5G09230    AT3G63530    AT3G11210.1    AT1G76020    AT1G50280 
  AT5G55580.1    AT5G08150.1    AT3G63040    AT3G11110.1    AT1G75980    AT1G50000.1 
  AT5G55000    AT5G08000.1    AT3G62800    AT3G09830    AT1G74240    AT1G49760 
  AT5G54095.1    AT5G07880.1    AT3G62630    AT3G09690    AT1G73630    AT1G49220.1 
  AT5G53880    AT5G06370    AT3G62060    AT3G09280.1    AT1G73320.1    AT1G48910.1 
  AT5G52110    AT5G06010.1    AT3G61590.1    AT3G09270    AT1G73090.1    AT1G45015 
  AT5G51920.1    AT5G05700.1    AT3G60450    AT3G08505    AT1G72570.1    AT1G35720 
  AT5G49610    AT5G03940    AT3G58460.1    AT3G07568    AT1G72530    AT1G35510 
  AT5G49215    AT5G03140    AT3G57990    AT3G07200.1    AT1G72110    AT1G35430 
  AT5G48220    AT5G02540    AT3G56490    AT3G06820    AT1G71790.1    AT1G34510 
  AT5G48040.1    AT5G02370    AT3G56120    AT3G06270    AT1G70740.1    AT1G33670.1 
  AT5G47790    AT4G38910    AT3G56020    AT3G06190    AT1G70030    AT1G32930.1 
  AT5G47435.2    AT4G38280.1    AT3G54240    AT3G06080.1    AT1G69600    AT1G32310 
  AT5G45550    AT4G37235    AT3G54085.1    AT3G05725.1    AT1G69523    AT1G32250 
  AT5G44500    AT4G36950    AT3G53920    AT3G04960.1    AT1G69320.1    AT1G32190 
  AT5G44310.2    AT4G33840    AT3G53770    AT3G02640.1    AT1G68510    AT1G31630 
  AT5G43690    AT4G33666    AT3G51390    AT3G02400    AT1G67750    AT1G31440 
  AT5G43670    AT4G32530    AT3G51020    AT3G01660    AT1G67680    AT1G30160 
  AT5G42780    AT4G32300    AT3G49800.1    AT3G01390.1    AT1G67290    AT1G28410.1 
  AT5G42720    AT4G31290.1    AT3G49307.1    AT2G47920.1    AT1G67060    AT1G28290.1 
  AT5G41315    AT4G30000.1    AT3G48860.2    AT2G47850.1    AT1G66310.1    AT1G28250 
  AT5G40830.1    AT4G29870.1    AT3G46300.1    AT2G45800    AT1G66245    AT1G27700 
  AT5G40790    AT4G29658.1    AT3G43790.3    AT2G45520.1    AT1G64065.1    AT1G27530 
  AT5G39370.1    AT4G28070    AT3G30300.1    AT2G44420    AT1G64010    AT1G26820 
  AT5G38310.1    AT4G28050    AT3G29370    AT2G44220.1    AT1G63550    AT1G26320 
  AT5G38180    AT4G27920    AT3G28920.1    AT2G44000.1    AT1G63060    AT1G25520 
  AT5G37680.1    AT4G27340    AT3G28670    AT2G43820    AT1G62890    AT1G23390 
  AT5G35390    AT4G27050.1    AT3G28560.1    AT2G43290    AT1G62225.1    AT1G22600.1 
  AT5G25410    AT4G26750    AT3G28240    AT2G42770.1    AT1G60790    AT1G22500 
  AT5G24510.1    AT4G25250.1    AT3G27660    AT2G40930.1    AT1G60570    AT1G21930.1 
  AT5G24100.1    AT4G24940.1    AT3G27120.1    AT2G40745.1    AT1G60010    AT1G21528.1 
  AT5G22210    AT4G24910    AT3G26050    AT2G40435.1    AT1G59950.1    AT1G21510.1 
  AT5G20090    AT4G24310.1    AT3G25570    AT2G40380    AT1G58440.1    AT1G21475 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AT5G19340    AT4G24130    AT3G25430.1    AT2G40200    AT1G58120.1    AT1G21065 
  AT5G19260    AT4G22560    AT3G25040    AT2G39930    AT1G55810    AT1G19960 
  AT5G18690    AT4G21720    AT3G22700.1    AT2G39805    AT1G55140    AT1G19890.1 
  AT5G18636.1    AT4G19410    AT3G22460.1    AT2G38820    AT1G54630    AT1G19730 
  AT5G18230.1    AT4G15730.1    AT3G22430    AT2G38750.1    AT1G53625.1    AT1G19450.1 
  AT5G17440.1    AT4G14660.1    AT3G21360.1    AT2G37140.1    AT1G53325.1    AT1G17830.1 
  AT5G17330.1    AT4G14620    AT3G20350.1    AT2G36410.1    AT1G53080.1    AT1G16750.1 
  AT5G16200    AT4G13680.1    AT3G20140.1    AT2G35810    AT1G52870    AT1G16000 
  AT5G16170    AT4G13420    AT3G19890.1    AT2G35410.1    AT1G52800    AT1G15215 
  AT5G14380    AT4G12980    AT3G18270    AT2G34630    AT1G52760    AT1G15200 
  AT2G17270    AT2G25950.1    AT2G34270    AT1G14770    AT2G01660.1    AT2G18260.1 
  AT2G16980    AT2G24290    AT2G33800.1    AT1G14570    AT2G01640    AT2G17860 
  AT2G16592    AT2G24150    AT2G33360.1    AT1G14440    AT2G01400    AT2G26970 
  AT2G15730    AT2G22820    AT2G32650    AT1G13380.1    AT1G80890    AT2G26510 
  AT2G15690.1    AT2G22120    AT2G32040    AT1G12830    AT1G80230.1    AT2G26280.1 
  AT2G15270    AT2G21385    AT2G30290.1    AT1G12190    AT1G79770    AT2G26250 
  AT2G15130.1    AT2G20800.1    AT2G30010    AT1G12140.1    AT1G79160    AT1G07420.1 
  AT2G14860    AT2G20770    AT2G29810    AT1G10670    AT1G79080.1    AT1G07210 
  AT2G14530    AT2G20740    AT2G28800.1    AT1G10520.1    AT2G17845.1    AT1G06340.1 
  AT2G04865.1    AT2G19760    AT2G28650.1    AT1G09360    AT2G17710   
  AT2G04220    AT2G18500    AT2G27402.1    AT1G08390    AT1G06190.1 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